Introduction
DNA integrity of germinal cells is a crucial factor allowing the proper transmission of parental genetic information to the progeny (Santos et al. 2013 , Marchetti et al. 2015 . During spermatogenesis, particularly in meiotic steps, DNA is very prone to suffer lesions. Moreover, spermatic chromatin is very sensitive to environmental stress generated by factors, such as UV irradiation, thermal changes, presence of chemicals, that could increase oxidative stress or affect the DNA compaction mechanisms (Shamsi et al. 2011) . In addition, the DNA repair ability of male germ cells is high during mitotic and meiotic phases, but is lost in postmeiotic spermatids with the reduction of the cytoplasmic content and the compaction of the nuclei, which limits the access of the DNA repair machinery (Baarends et al. 2001 , Marchetti et al. 2015 . Chromatin stability is better preserved on the oocytes. Female gametes, are prone to accumulating errors related to the process of correct chromosome segregation (Caroll et al. 2013) , and may be susceptible to damage by reactive oxygen species (ROS) (Menezo et al. 2010) . Nevertheless, they have a fully active machinery leading to repair genomic lesions promoted during oogenesis (Kurus et al. 2013) .
It has been repeatedly demonstrated both in mammals and in fish that fertilization capacity can be preserved in spermatozoa showing standard quality in terms of motility and morphology although carrying a damaged genome (Upadhya et al. 2010 , Avendano & Oehninger 2011 , Perez-Cerezales et al. 2011 , Fernandez-Diez et al. 2015 . Fertilization with DNA-damaged sperm increases the risk of promoting pregnancy loss in mammals (Speyer et al. 2010) , arrest in embryo development or embryo death (Perez-Cerezales et al. 2010b , Gawecka et al. 2013 , birth defects, chromosomal abnormalities and other genetic diseases (Fernandez-Gonzalez et al. 2008 , Barroso et al. 2009 , Schulte et al. 2010 , Marchetti et al. 2015 . The DNA-repairing activity relies on the oocyte machinery once the fertilization takes place (Aitken et al. 2014 , Fernandez-Diez et al. 2015 , the zygote being responsible for repairing the sperm damage. In previous studies, we found that trout oocytes are able to repair at least 10% of sperm DNA fragmentation (Perez-Cerezales et al. 2010) and demonstrated that the suppression of the repairing activity in trout zygotes, using an inhibitor of the Poli (ADP-ribose) polymerase (PARP) activity involved in the base excision repair (BER) pathway, has severe consequences for the progeny: alternative repairing mechanisms were activated, embryo survival was reduced and surviving larvae displayed massive differences in the transcriptomic profile (Fernandez-Diez et al. 2015) . The zygote repairing ability is thus a key factor guarantying the progress of a proper development, mainly when paternal DNA integrity is compromised. Nevertheless, the effects of different intrinsic and extrinsic factors on the oocyte, from genetic background to ageing (Hamatani et al. 2004) , cryopreservation, in vitro culture or environmental clues, could also affect the repairing activity of the zygote. Therefore, those factors potentially harmful for male and female gametes could have synergic effects with a serious impact on the conceptus development, compromising the long-term outcome of the progeny.
Fish have been used as models in the study of the effects of sperm DNA damage on the reproductive success given the advantage provided by its high prolificacy (allowing the study of a high number of descendants from the same mating), easy process of artificial fertilization and weak mechanism of sperm selection (facilitating fertilization with damaged spermatozoa) and external development (giving free access to embryos throughout development) (Kopeika et al. 2004 , Perez-Cerezales et al. 2009 , 2010b , 2011 , Fernandez-Diez et al. 2015 .
Most fish species from temperate areas are seasonal breeders, but reproduction out of season is easily induced in many commercial species by environmental or hormonal stimulation. Among salmonids -breeding in cold water -photoperiod manipulation is usually applied in order to obtain an all-year-round production (Billard & Reinaud 1978) . Nevertheless, due to the mismatch between the artificial photoperiod and temperature regimes in warmer periods of the year, overall oocyte quality, embryonic survival and larval performance are usually lower in the out-of-the-natural-breeding period (Bobe & Labbe 2010 , Migaud et al. 2013 ). An increase of DNA sperm damage (Perez-Cerezales et al. 2010a) and defective vitellogenesis in oocytes (Bobe & Labbe 2010) that could affect embryo development have been identified in out-of-season breeders, but the oocyterepairing activity and it's combined effect with the sperm chromatin integrity have never been explored.
The hypothesis is that warmer temperature during gametogenesis in out-of-season breeders, apart from affecting sperm DNA integrity, could modify the oocyte-repairing activity, compromising the offspring development at short and long term. DNA-repair-related transcripts and lesions in DNA will be analyzed in oocytes and sperm respectively, both during optimal breeding season (ORS) (from breeders maintained with natural photoperiod) and at a later period (LRS) (from breeders under artificial photoperiod and warmer temperature regimes). The offspring development will be evaluated at decisive stages during embryo development up to hatching. The ability to progress with development when sperm genotoxic damage is promoted by UV irradiation will also be assessed at ORS.
Materials and methods

Reagents
All media components were purchased from Sigma-Aldrich except when otherwise stated.
Experimental procedures
The experiments were carried out in accordance with the Guidelines of the European Union Council (86/609/EU, modified by 2010/62/EU), following Spanish regulations (RD 1201 /2005 , abrogated by RD 53/2013 for the use of laboratory animals, and were approved by the Committee on the Ethics of Animal Experiments of the University of León (Permit Number: 15-2011) . Animals were killed using the concussion method by qualified personal and all efforts were made to minimize suffering.
Sperm and eggs collection
Sperm was obtained from sex-reversed ripe rainbow trout (Oncorhynchus mykiss) females (neomales), which were maintained under artificial photoperiod in a fish farm (Lugo, Spain). Neomales from two different batches were killed, four from a batch breeding during ORS (December-January) and five from a batch breeding at LRS (February-March). The testicles were dissected and blood vessels were removed. Sperm was extracted directly from testicle after making several incisions with a scalpel. Sperm was diluted 1:10 in a commercial maturation medium, Storfish (IMV, L'aigle, France) and samples were kept 2 h at 4°C with oxygenation before processing. Eggs were obtained by abdominal massage from two different females in each collection time. After checking their proper quality by visual inspection, the eggs were pooled and divided in batches for fertilization procedures.
Sperm UV irradiation
Sperm from each male from ORS, obtained in season, was divided in two aliquots, one of them was used as control and the other one was subjected to UV-C irradiation. Before irradiation, sperm was diluted 1:3 with SFMM (Seminal Fluid Mimicking Medium) (110 mM NaCl, 28.18 mM KCl, 1.22 mM MgSO 4 ·7H 2 O, 1.77 mM CaCl 2 ·2H 2 O, 10.05 mM bicine, 9.9 mM HEPES, pH 7.4). Twenty mL of diluted sperm were transferred to a Petri dish, 10 cm diameter, giving a thin layer of sperm. The Petri dish was located 15 cm under a UV lamp (Vilber Lourmat, Eberhardzell, Germany) (254 nm) receiving 400 µW/cm 2 irradiation for 5 min. Then, treated and control samples were kept in darkness at 4°C until further analysis.
Fertilization and embryo incubation
Pooled eggs were divided into 26 batches with 400 eggs/batch and 2 batches per treatment. They were fertilized with fresh sperm or irradiated sperm from each neomale separately, both of them diluted 1:3 with SFMM, as previously stated (2 replicates/treatment) (Fig. 1) . One milliliter of sperm was added over the eggs and stirred with a feather. After 10 min of incubation, the sperm was activated with 10 mL of DIA solution (94.97 mM NaCl, 49.95 mM, Glycine, 19.98 mM Tris, pH 7.4). Ten minutes later, the eggs were washed with water and incubated in the darkness at 10°C with a continuous water flow of 24 L/min until hatching.
Fifteen embryos from each replicate were collected at different developmental stages following the classification of Vernier (Vernier 1969) stage 13 (epibolia), stage 19 (somita), stage 23 (organogenesis) and stage 30 (larvae 1 day post hatch (1 dph)). The embryos were cleared with a solution containing 50 mL formaldehyde, 40 mL acetic acid and 60 mL glycerine to check the proper development and identify the aborted embryos. Ten additional embryos at each stage per treatment were frozen at −80°C for DNA and RNA extraction and ten more for the analysis of the apoptotic activity. During development, all the aborted embryos were removed and, after hatching, the hatching rates and cumulative percentage of abortions were calculated.
Genomic DNA extraction
Total genomic DNA was extracted from untreated and irradiated sperm following the protocol described by Cartón-García et al. (2013) . For late embryos (stages 13 and 23) and larvae (stage 30), a digestion step with 6 mg/mL collagenase in PBS 1 × during 2 h at 37°C was carried out. To stop the reaction, the cells were washed with two volumes of PBS 1 × and the pellet was resuspended in 700 µL of extraction buffer (10 mM Tris-HCl, pH 8.0; 100 mM EDTA, pH 8.0; 0.5% (v/v) SDS, supplemented with 1 µL proteinase K (1 mg/mL)). DNA quantity and purity were determined spectrophotometrically at 260 nm (Nanodrop ND-1000 Spectrophotometer, Thermo Scientific). All samples showed high yield (A260/A280 > 1.8), and were stored at −20°C until further processing.
RNA extraction and reverse transcription
Total RNA from embryos at 13th, 23th and larvae 1 dph stages and from 20 unfertilized eggs collected at two different moments of the reproductive season was extracted using the Trizol Regeant Kit (Applied Biosystems) following the manufacturer's instructions. RNA integrity was confirmed by electrophoresis analysis of total RNA samples before reverse transcription (data not shown). Total RNA concentration was determined using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). About 1 µg of total RNA from embryos, larvae and eggs was reverse transcribed using the High Capacity cDNA Kit (Applied Biosystems) following the manufacturer's instructions. The conditions applied for reverse transcription were 25°C for 10 min, 37°C for 120 min and final extension at 85°C for 5 min. RT-qPCR was performed using a Step-One Plus thermocycler (Applied Biosystems). Complementary DNA products were kept at −20°C until further analysis.
DNA lesion rate in sperm
The RT-qPCR approach described by Rothfuss et al. (2010) was applied to analyze the number of lesion in four nuclear genes previously studied in rainbow trout by GonzalezRojo et al. (2014) : hoxc4a-2, eifib, sox2 and 18S rRNA. For each gene, two genomic DNA fragments of different length in the same region were amplified: long fragments with up to 700 bp and short ones with less than 100 bp. Reaction mix for the long amplicons contained 4 µL Fast Start DNA Master plus SYBR Green I (Roche), 0.4 µL 50× ROX passive reference dye (Bio-Rad), 3 ng of genomic DNA and 0.5 µL of each 10 µM forward and reverse primer. RT-qPCR started with a pre-incubation of 95°C for 10 min followed by 40 cycles of 95°C for 15 s, annealing temperature specific for each couple of primers for 10 s and 72°C for 50 s. For short fragments reaction mixture contained 10 µL 2× SYBR Green PCR Master Mix (Applied Biosystems), 0.5 µL of each 10 µM forward and reverse primer and 3 ng of genomic DNA. RT-qPCR began with a pre-incubation of 95°C for 10 min followed by 40 cycles of 95°C for 15 s, annealing temperature for 1 min. Three technical replicates were performed per sample. The RT-qPCR conditions were optimized for the different primers to achieve similar amplification efficiencies. Product specificity was tested by melting curves and product size was visualized using agarose gel electrophoresis (data not shown). The nucleotide sequences and GenBank accession numbers are given in Table 1 .
The differences of Ct values between irradiated sperm samples and untreated sperm samples for each long and short fragments were calculated according the formula described by Rothfuss et al. (2010) . For DNA lesion rate analysis, untreated samples from ORS were used as reference. For each nuclear gene, the difference in the Ct values (long fragment/short fragment) was used as a measure of relative DNA lesion frequency with the 2 −ΔΔCt method (Livak & Schmittgen 2001) in relation to the amplification size of the long fragment.
Evaluation of DNA-repair-related transcripts in the oocytes
Reverse transcribed products from RNA extracted from twenty unfertilized oocytes obtained in both breeding seasons (ORS and LRS) were used to perform a RT-qPCR assay. Five genes implied in at least one DNA repair pathway or DNA damage checkpoint were tested: ung (Uracil-DNA-Glicosylase) and ogg1 (8-oxoguanine DNA glycosilase) involved in BER pathway, lig3 (ligase 3) implied in both excision repair pathways (BER and NER), tp53 (tumor protein P53) regulating different genes involved in DNA repair, cell cycle and apoptosis, and rad1 (DNA repair exonuclease) regulating the cell cycle progress in response to DNA damage. cDNA products were diluted 1:3 in nuclease-free water and 2 µL was used for each RT-qPCR. The primers were designed using Primer Express (Software v2.0, Applied Biosystems) and Primer Select (Software v10.1 DNA Star, Lasergene Core Suit). The primer nucleotide sequences and annealing temperature from rainbow trout repair genes are provided in Table 2 . The RT-qPCR conditions were optimized for the different primers to achieve similar amplification efficiencies. Product specificity was checked by melting curves and product size was visualized by electrophoresis on agarose gel (data not shown).
Reaction mixtures (total volume 20 µL) contained 2 µL of cDNA, 10 µL of 1× SYBR Green Master mix (Applied Biosystems) and 0.5 µL of 10 µM each forward and reverse primer. RT-qPCR was initiated with a pre-incubation phase of 10 min at 95°C followed by 40 cycles of 95°C denaturation for 10 s and 1 min of specific annealing temperature of each primer. Three technical replicates were performed per sample. Expression level for each repair gene was normalized to 18S RNA gene using the delta-Ct (2ΔCt) method.
Analysis of the progeny performance
Parameters were checked in all the progenies obtained at epibolia, somita, organogenesis and larvae 1 dph stages.
Apoptotic activity
Quantitative apoptotic activity was analyzed using ten alive embryos/larvae per treatment. They were anaesthetized with MS-222 (80 mg/L), following the protocol described by Fernandez-Diez et al. (2015) including a previous step of dechorionization for embryos at stage 13 at 23. Embryos and larvae cut in small pieces and fragments were incubated 3 h under agitation in a dissociation solution containing 3.6% (w/v) trypsine, 2.4 mL DNAse I (Applied Biosystems) and 10% (v/v) FBS in Leibovitz's (L-15) medium. Embryos at epibolia stage were kept in the dissociation solution for 1 h. The embryo and larvae fragments were gently and repeatedly pipetted to facilitate the dissociation process. Then, cells were filtered using a 140 mm nylon mesh and washed twice with a solution containing L-15 medium. The activity of caspases 3/7 was analyzed using the Caspase-Glo 3/7 Assay Systems Kit (Promega) following the instructions of the manufacturer.
Relative telomere length
Telomere length was measured by RT-qPCR assay using telomeric primers and genomic DNA. Reaction mix (total volume 20 µL) for each sample contained 0.03 µg of genomic DNA, 10 µL of Quantimix easy SYBR kit (Biotools, Madrid, Spain), 0.4 µL of 50× ROX passive reference dye (Bio-Rad) and 0.5 µL of 10 µM each forward and reverse primer. RT-qPCR began with a pre-incubation of 94°C for 3 min and 40 cycles of 94°C of denaturation for 10 s, 56°C of annealing for 15 s, and two extension steps of 72°C for 10 s and 78°C for 15 s. Three technical replicates were carried out per sample. Telomeric signal was normalized dividing by the signal of 18S rDNA as reference gene (Table 3 ). The average of this ratio compared with control embryo/larvae or control sperm was reported as relative telomere length.
Offspring DNA repair activity DNA repair activity was evaluated by analyzing the presence of specific transcripts in embryos at 13th, 23th and larvae 1 dph stages following the same procedure described above for unfertilized oocytes.
Malformations
One day after hatching, the malformation rate was analyzed in each progeny, classifying the malformed larvae in five types: axial axis malformed (AAM), half hatching (HH) and yolk-sac malformed (YSM), cyclopodia (C) and prognathism (P).
Statistical analysis
Data analysis was carried out using the computerized package generated by SPSS 21.0 software for Windows (IBM, EEUU). The results were expressed as mean ± s.e.m. One-way ANOVA test followed by the DMS or Games Howell post hoc test (P < 0.05) was used to analyze parametric data corresponding with cumulative percentage of abortions, hatching and growth rates, total malformations and telomere length. A non-parametric Kruskal-Wallis test was used to analyze the apoptosis and repair activity data in the progeny. Significant differences in oocyte gene expression and in the number of sperm DNA lesions were validated by an unpaired t-test followed by the Welch's correction using GraphPad Prism v5.0 Software (San Diego, CA, USA; P value <0.05).
Results
Genotoxic damage in sperm
Results show that UV-C-irradiated sperm and sperm collected at LRS have a higher number of lesions than untreated sperm samples obtained at ORS (DecemberJanuary; Fig. 2A and B) . This increase has a similar range in both types of samples (average number of lesions 4.25 in UV-irradiated sperm and 3.8 in LRS sperm). Irradiation promotes a homogeneous damage in the analyzed genes, whereas higher differences among genes were observed in LRS sperm. Table 3 Oligonucleotide sequences of the PCR primers used to assay the telomere length by RT-qPCR.
Primer name Primer set (5′-3′) source
Telomere 
Oocyte DNA repair ability
The expression of genes related to DNA repair (lig3, ogg1, rad1, ung and tp53) showed significant differences among the oocytes obtained at different reproductive periods. All the analyzed transcripts, except tp53, were significantly overexpressed in LRS oocytes. lig3, ogg1 and ung genes increased their expression about 3.5 times and rad1 as much as 9.15 times. In the case of tp53, the level of expression at ORS was higher (2.9 times) than in oocytes from females maturating at later time (Fig. 2C) .
Performance of the progeny
As shown in Fig. 3A , UV irradiation of the sperm did not increase the abortion rates during embryo development. Nevertheless, a significant increase of embryo loses was noticed in batches fertilized during LRS that resulted in a lower survival at hatching (53.83 ± 10.54 and 29.68 ± 3.46 for control batches at ORS and LRS respectively).
The quantitative analysis of the caspases activity (Fig. 3B ) revealed that apoptosis increases during embryo development reaching organogenesis at the highest level, and dropping at hatching. The same pattern is observed in batches fertilized with UV-damaged sperm which show higher activity than control batches at epibolia and 1 dph. Apoptotic activity displays a different pattern in LRS batches in which the level of caspase 3/7 activity did not increase at organogenesis.
The percentage of malformed larvae 1 dph was higher in batches obtained at LRS than at optimal period (4.31 ± 1.27 and 11.59 ± 0.53 from ORS and LRS respectively) (Fig. 4B ). The obtained progenies developed different types of malformations as shown in Fig. 4A . The malformations related to the axial axis formation were the most common among larvae, the higher percentage in ORS batches being from control sperm (Fig. 4C) . A high percentage of embryos showing defective hatching was recorded in batches fertilized at LRS (45%) (Fig. 4E) . Prognathism was only identified in batches from ORS (18% in UV-irradiated sperm) (Fig. 4C) . Larvae from UV-irradiated sperm displayed the higher percentage of yolk-sac-defective larvae (25%) (Fig. 4C) , cyclopodia only being observed in these batches.
As shown in Fig. 5 , telomere length changed during embryo development. The shorter telomeres were found in sperm samples, which did not show differences between treatments, whereas progenies at epibolia stage showed the longer telomeres. Shorter telomeres in relation to the control were observed in batches from UV-irradiated sperm at epibolia and in LRS batches at epibolia and organogenesis. At hatching the telomere length was similar in all the analyzed progenies.
Gene expression analysis revealed a significantly modified profile in LRS batches at epibolia, with overexpression of genes related with DNA repair pathways BER and NER (ogg1, ung and lig3) (Fig. 6A , B and C) and rad1 expression (Fig. 6D) and a lower expression level of tp53 (Fig. 6E) . At the same stage UV-irradiated progenies showed overexpression of rad1 with respect to the ORS control. One day post hatch, the expression of tp53 was significantly higher in UV-irradiated batches and lower in late progenies than in those obtained at the optimal period.
Discussion
The proper embryo development largely relies on the integrity of the genomic information provided to the zygote. Physiological conditions during gametogenesis are crucial to ensure that the lesions promoted during recombination at meiosis or during chromatin condensation at spermiogenesis, do not exceed the species' natural repairing ability. It is well known that thermal stress has detrimental effect on spermatogenesis. Different studies show that increased temperature entails an increase of DNA fragmentation in the sperm, both in mammals (Durairajanayagam et al. 2015) and fish (Lahnsteiner & Leitner 2013) . The RT-qPCR analysis of DNA lesion showed an increase of DNA damage (up to 11 DNA lesions/10 kb) in rainbow trout sperm samples collected at LRS, breeding at higher temperatures than those from the optimal period. Similar results were observed when DNA fragmentation was analyzed using the Comet assay at the end of the natural reproductive period in rainbow trout (Perez-Cerezales et al. 2010a) or in sole Solea senegalensis breeding out of season (Beirao et al. 2011) , revealing that in fish an inadequate environment promotes DNA chromatin susceptibility, as was also demonstrated in human (Takata et al. 2013) . The loss of DNA integrity is commonly considered a result of failing sperm chromatin packaging during spermatogenesis, defective apoptosis and excessive ROS production (Shamsi et al. 2011 , Durairajanayagam et al. 2015 and should generate an increased repairing effort upon fertilization. Nevertheless, environmental stress could also imply defective repairing mechanisms in the zygote, the maternal contribution being essential in this respect.
It is known that UV exposure increases the formation of ROS through the endogenous photosensitizers (Zan-Bar et al. 2005 , Kim et al. 2015 promoting genotoxic stress. UV-C irradiation at the tested doses (400 µW/cm 2 ) increased in the ORS sperm the number of DNA lesion in a range similar to those promoted by out-of-season breeding. Doses higher than the one Figure 5 Relative telomere length in sperm and embryos at epibolia, organogenesis and larvae (1 dph) stages from progenies obtained in and out of season (ORS and LRS respectively) with untreated sperm (Untreated) and UV-C-irradiated sperm (UV). Asterisks indicate significant differences respect to the untreated samples at ORS (P < 0.05) (n = 4 for samples obtained at ORS and n = 5 for samples obtained at LRS). ) for rad1, ogg, ung, tp53 and lig3 at different stages during development from embryos obtained in and out of season (ORS and LRS respectively) from fresh sperm (UNTREATED) and UV-C-irradiated sperm (UV). Asterisks indicate significant differences respect to the untreated samples at ORS (P < 0.05). (n = 4 for embryos obtained at ORS and n = 5 for embryos obtained at LRS). used in our study are commonly used in aquaculture to inactivate the sperm genome for gynogenetic procedures (Lin & Dabrowski 1998 , Ciereszko et al. 2005 , Dietrich et al. 2005 .
As demonstrated in a variety of vertebrates, unrepaired DNA lesions from paternal origin promote a slower paternal DNA replication (Gawecka et al. 2013) , de novo mutations propagated to the next generation, such as hereditary diseases (Carroll & Marangos 2013) , chromosomal structural aberrations (Marchetti et al. 2015) and even lead to arrest in embryo development (Gawecka et al. 2013) . As has been demonstrated in human and mouse, zygotic DNA repair initially depends on the oocyte-born mRNAs and proteins and, additionally, on genes expressed very early in development (Derijck et al. 2008 , Jaroudi et al. 2009 ). Therefore, the combined effect of sperm DNA damage and the capacity of the oocyte to repair it will determine the final impact on the offspring development (GonzalezMarin et al. 2012) .
In our study, the genotoxic treatment applied to the sperm had transitional consequences for the offspring development. Ciereszcko and colleagues (2005) observed in trout a decrease in the survival rate from 2-cell stage to pre-hatch stage on the progeny obtained with UV-C irradiated sperm with higher doses (up to 1720 J/m 2 ). Our results did not reveal an increase in either the accumulative abortions or in the hatching rates with respect to the control batches of the same reproductive period, revealing that ORS oocytes have the ability to properly repair the sperm lesions. Similar results were reported by Perez-Cerezales et al. (2010) , who estimated that trout oocytes are able to repair sperm with a 10% fragmented chromatin. Genomic instability promoted by UV had effects early in development: an increased apoptotic activity and overexpression of rad1 were observed at epibolia, revealing the activation of mechanisms protecting from genotoxic damage. Moreover, telomere length was reduced at organogenesis. The shortening of telomeres has been previously described in human cells as a result of the erroneous repair of the pyrimidinepyrimidone (6-4) photoproducts (6-4 PPs) (Stout & Blasco 2013) which are generated by UV irradiation in the DNA strand (reviewed by Batista et al. 2009 ). Sperm DNA damage seems to be identified and safely repaired early during development. Different results were obtained when the fertilized oocytes displayed an altered repairing profile. We have observed that oocytes collected out of season showed a significant increase in all the analyzed repair transcripts (up to 9.15 times in rad1mRNA) except in tp53 mRNA which was downregulated. The analyzed transcripts are involved in DNA damage control and the repair of different kind of lesions could be promoted during gametogenesis: ogg1 is involved in the removal of 8-oxoguanyne, mutagenic base produced after ROS (Gagne et al. 2013) ; DNA lig3 plays a crucial role in the repairing of DNA single-strand breaks during embryo development and cannot be replaced by any other DNA ligase (Puebla-Osorio et al. 2006) ; ung gene encodes for uracil-DNA glycosylase which is involved in excision of uracil residues from U:G and U:A mispairs in DNA molecule, participating in BER pathway -recent reports in zebrafish have demonstrated its implication in a correct embryo development during post-fertilization (Wu et al. 2014) ; rad1 mRNA encodes Rad1, checkpoint protein which is involved in cell cycle arrest (Bozdarov et al. 2013) , playing an important role during the correct embryo development (Han et al. 2010) ; and tp53 is one of the most important transcriptional factors with suppressive and proapoptotic functions upon genotoxic stress (Storer & Zon 2010) . The expression of tp53 is usually enhanced under conditions of genomic instability. Nevertheless, in fish cells diverse responses have been reported. Some researchers noticed induction of tp53 expresion and some other failed to detect any increase after UV irradiation, treatment with hydroxyurea or with chemotherapeutic agents with effect on mammalian cells (Liu et al. 2011 ). The overexpression of repairing genes that we have observed in oocytes at LRS is compatible with a higher repairing effort, required to repair the genomic lesions promoted during oogenesis in suboptimal conditions (Harrouk et al. 2000) . The increased expression of rad1, also involved in the telomere-length maintenance (Khair et al. 2010) , is a common surveillance mechanism activated in trout in response to genotoxic stress such as UV light or ionizing radiation (Bozdarov et al. 2013) , whereas the downregulation of tp53 generates a more tolerant environment to genotoxic stress. In such conditions the zygote shows a modified repairing profile that should face the damaged male pronuclei.
The development of the batches fertilized in the two analyzed periods showed significant differences. With respect to the natural season, batches from LRS showed at epibolia the same repairing profile than oocytes: overexpression of all the analyzed transcripts and downregulation of tp53, revealing an intense repairing activity but a reduced capacity to arrest the development upon damage. Tolerance to damage, suppressing the induction of apoptosis, is a known mechanism allowing to progress with development in stressful environmental conditions, as was observed in corals (Tchernov et al. 2011) or in rainbow trout embryos with inhibited repairing machinery (Fernandez-Diez et al. 2015) . tp53 in fish is very similar to mammalian TP53, and is highly and ubiquitously expressed in zebrafish early embryos (Storer & Zon 2010) . As reviewed by Liu and colleagues (2011), fish tp53 is functionally similar to mammalian TP53, being regulated by MDM2 and regulating the transcription of the same genes that drive to apoptosis. Zebrafish knockdown for tp53 is developmentally normal in homeostatic conditions, but displays a reduced induction of apoptosis after genotoxic damage (Duffy & Wickstrom 2007 , Storer & Zon 2010 . This effect was observed in a late stage, at organogenesis, the apoptotic activity being clearly reduced in LRS batches. Apoptosis is a key event during organogenesis allowing the bulk remodeling suffered by the embryo tissues that drive to a cascade of morphogenetic events required for the proper organ development. All the embryos obtained at the optimal season undergo a very significant increase of apoptosis which is not observed in the late embryos. This is in agreement with the downregulation of tp53 observed in the late oocytes, and probably promotes developmental failures that entail the observed increase in embryo death later on, the abortions rate increasing very significantly. Moreover, shorter telomeres are observed at epibolia and organogenesis in the LRS embryos. The percentage of hatching is lower than in ORS, whereas the percentage of malformations increases, the half hatching (HH) being the most relevant. These malformed larvae died shortly after hatching, indicating an excess of genomic instability accumulated during embryo development which is not compatible with life. The surviving larvae still showed a lower level of tp53 at 1 dph, revealing potential risks of accumulations of genetic damage at later times. Different reports have already showed that artificial photoperiod in rainbow trout entails lower survival of embryos at eyeing stage and increased incidence of deformities (Bobe & Labbe 2010), but our results showed how the oocyte repairing capacity is involved in the defective development. All the results showed that out-of-season breeding affects the oocyte DNA signalization and repair profile, generating an increased repairing activity in the offspring and a lower ability to induce apoptosis. Therefore, the reproductive performance is reduced: developmental failures are accumulated, promoting embryo death and decreasing the hatching rates. In addition, the rate of malformed larvae is increased.
Our results have shown the synergic effects of sperm DNA damage and oocyte repairing ability on embryo development, pointing out the importance of the repairing machinery provided to the zygote and showing how susceptible it is to environmental stress. The differential expression of DNA damage surveillance and repair genes in the oocyte deeply affect the embryo development, promoting defective apoptosis and impaired embryo development that entails lower hatching rates and higher larvae malformation rates. The presence of specific transcript representatives for the capacity of DNA damage signalization and repair could be used as markers of oocyte quality.
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